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The properties of the Ξ(1530) resonance are investigated in the Λ+c → Ξ−π+K+ decay process.
The data sample was collected with the BABAR detector at the SLAC PEP-II asymmetric-energy
e+e− collider operating at center of mass energies 10.58 and 10.54 GeV. The corresponding inte-
grated luminosity is approximately 230 fb−1. The spin of the Ξ(1530) is established to be 3/2.
The existence of an S-wave amplitude in the Ξ−π+ system is inferred, and its interference with
the Ξ(1530)0 amplitude provides the ﬁrst clear demonstration of the Breit-Wigner phase motion
expected for the Ξ(1530). The P1(cos θΞ− ) Legendre polynomial moment indicates the presence of
a signiﬁcant S-wave amplitude for Ξ−π+ mass values above 1.6 GeV/c2, and a dip in the mass
distribution at approximately 1.7 GeV/c2 is interpreted as due to coherent addition of a Ξ(1690)0
contribution to this amplitude. This would imply JP = 1/2− for the Ξ(1690). Attempts at ﬁtting
the Ξ(1530)0 lineshape yield unsatisfactory results, and this failure is attributed to interference
eﬀects associated with the amplitudes describing the K+π+ and/or Ξ−K+ systems.
PACS numbers: 13.30.Eg,14.20.Jn,14.20.Lq
∗Deceased †Now at Temple University, Philadelphia, PA 19122, USA
4I. INTRODUCTION
The Ξ(1530) is the only cascade resonance whose prop-
erties are reasonably well understood. It decays ∼ 100%
to Ξπ and < 4% to Ξγ [1], and its mass (PDG ﬁt:
m(Ξ(1530)0) = 1531.80±0.32MeV/c2) and width (PDG
ﬁt: Γ(Ξ(1530)0) = 0.1± 0.5 MeV/c) are reasonably well
known [1]. A spin-parity analysis of data on the reactions
K−p → Ξ(1530)0,−K0,+ carried out by Schlein et al. [2]
showed that JP = 3/2+ (i.e., P -wave) or JP = 5/2−
(i.e., D-wave) is favored, and that the data are con-
sistent with J ≥ 3/2; however, they stated that spin
> 3/2 is not required, and on this basis concluded that
JP = 3/2+. This conclusion was supported by Button-
Schafer et al. [3] in a similar analysis. Both experiments
ruled out J = 1/2, but the claim that J > 3/2 was not re-
quired was the basis for the conclusion that JP = 3/2+.
In the present paper, the Ω− spin analysis procedures
described in Ref. [4] are extended to the quasi-two-body
decay Λ+c → (Ξ−π+)K+, for which the Ξ−π+ invariant
mass distribution exhibits a dominant Ξ(1530)0 signal [5].
Under the assumption that the Λ+c has spin 1/2, it is es-
tablished that the Ξ(1530) has spin 3/2. On the basis of
the analyses of Refs. [2, 3], it follows that positive parity
is established.
The data sample and event selection procedures are de-
scribed in Section II, and the Ξ(1530) spin measurement
is presented in Section III. In Section IV, the amplitude
structure in the Ξ(1530) region is investigated in some de-
tail, and this is followed by an examination of the Ξ−π+
system at higher mass values in Section V. The unsuc-
cessful attempts at precise measurements of the mass and
width of the Ξ(1530)0 are presented in Section VI, and
their implications considered. Finally, the conclusions
drawn from this analysis are summarized in Section VII.
II. THE BABAR DETECTOR AND Λ+c → Ξ−π+K+
EVENT SELECTION
The data sample used for this analysis was collected
with the BABAR detector at the PEP-II asymmetric-
energy e+e− collider operating at center-of-mass (c.m.)
energies 10.58 and 10.54 GeV, and corresponds to a total
integrated luminosity of about 230 fb−1.
Charged particles are detected with a ﬁve-layer,
double-sided silicon vertex tracker (SVT) and a 40-layer
drift chamber (DCH) with a helium-isobutane gas mix-
ture, placed in a 1.5-T solenoidal ﬁeld produced by a su-
‡Now at Tel Aviv University, Tel Aviv, 69978, Israel
§Also with Universita` di Perugia, Dipartimento di Fisica, Perugia,
Italy
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FIG. 1: (a) The uncorrected Ξ−π+K+ invariant mass spec-
trum. The curve results from the ﬁt described in the text.
The dot-dashed line indicates the ﬁtted background contri-
bution. The shaded areas delimit the signal (light area) and
mass-sideband (dark area) regions. (b) The uncorrected Λ+c -
mass-sideband-subtracted Ξ−π+ invariant mass projection for
Ξ−π+K+ candidates. In each ﬁgure, the points with error
bars represent the data.
perconducting magnet. The charged-particle momentum
resolution is approximately (δpT /pT )2 = (0.0013 pT )2 +
(0.0045)2, where pT is the transverse momentum in
GeV/c. The SVT, with a typical single-hit resolution
of 10 μm, measures the impact parameters of charged-
particle tracks in both the plane transverse to the beam
direction and along the collision axis.
Charged-particle types are identiﬁed from the ioniza-
tion energy loss (dE/dx) measured in the DCH and SVT,
and from the Cherenkov radiation detected in a ring-
imaging Cherenkov device. Photons are detected by a
CsI(Tl) electromagnetic calorimeter with an energy res-
olution σ(E)/E = 0.023 · (E/GeV )−1/4 ⊕ 0.019.
The return yoke of the superconducting coil is instru-
mented with resistive plate chambers for the identiﬁca-
tion and muons and the detection of neutral hadrons.
The detector is described in detail in Ref. [6].
The selection of Λ+c candidates requires the intermedi-
ate reconstruction of events consistent with Ξ− → Λ π−
5and Λ → p π−. Particle identiﬁcation (PID) selectors
based on speciﬁc energy loss (dE/dx) and Cherenkov an-
gle measurements are used to identify the proton, pion,
and kaon ﬁnal state tracks [6]. Each intermediate state
candidate is required to have invariant mass within a±3σ
window centered on the ﬁtted peak position of the rele-
vant distribution, where σ is the mass resolution obtained
from the ﬁt. A ﬁt is then performed to the complete de-
cay topology with the Λ and Ξ− candidates constrained
to their known mass values [1]. The ﬁt probability is
required to be greater than 0.001 in order to ensure si-
multaneous satisfaction of the topological and mass con-
straint requirements; this reduces combinatorial back-
ground signiﬁcantly and retains good signal eﬃciency.
Since each weakly-decaying intermediate state (i.e., hy-
peron) is long-lived, an improvement of the signal-to-
background ratio is achieved by requiring that the decay
vertex of each hyperon be displaced from its point of ori-
gin in the direction of its momentum vector. The distance
between the Ξ−K+π+ vertex and the Ξ− decay vertex in
the plane perpendicular to the collision axis must exceed
1.5 mm in the Ξ− direction, and the distance between the
Ξ− and Λ decay vertices must exceed 1.5 mm in the direc-
tion of the Λ momentum vector. Finally, the momentum
of the Λ+c candidate in the e
+e− c.m. frame p∗ is required
to be greater than 2.0 GeV/c, since it is found empirically
that this signiﬁcantly reduces combinatorial background.
The invariant mass spectrum of Λ+c candidates which sat-
isfy these selection criteria before eﬃciency correction is
shown in Fig. 1(a). A signal yield of 13035±163 events is
obtained from a ﬁt which makes use of a signal function
consisting of two Gaussians with a common center and
a linear background function to the mass region 2.225 -
2.360 GeV/c2. The ﬁt yields half-width-half-maximum
5.1 MeV/c2 and has chi-squared per degree of freedom
(χ2/NDF) 19.6/20.
III. Ξ(1530) SPIN MEASUREMENT
The Dalitz plot for Λ+c → Ξ−π+K+ (Fig. 2) is dom-
inated by the contribution from Λ+c → Ξ(1530)0K+,
where Ξ(1530)0 → Ξ−π+ is a strong decay. There is ev-
idence for only one resonant structure, seen as the clear
band at the nominal mass squared of the Ξ(1530)0. The
background events in the signal region of Fig.1(a) are
represented by the events from the combined sideband
regions indicated in this ﬁgure, which correspond to the
same mass range [7]. A corrected distribution associ-
ated with the Λ+c signal is obtained by subtraction (bin-
by-bin) of the corresponding distribution for the side-
bands from that for the signal region. This procedure
is described as “sideband subtraction”, and assumes lin-
ear mass dependence of the background. The sideband-
subtracted projection of the Ξ−π+ invariant mass for the
Λ+c signal region of Fig. 1 (a) is shown in Fig. 1 (b).
The helicity formalism [8, 9] is applied to the quasi-
two-body decay Λ+c → K+Ξ(1530)0 in order to examine
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FIG. 2: (a) The Dalitz plot of Ξ−K+ versus Ξ−π+ invariant
mass-squared for the Λ+c signal region. (b) The corresponding
rectangular Dalitz plot for the Ξ(1530)0 mass region. (The
online version of this ﬁgure is in color.)
the implications of various Ξ(1530)0 spin hypotheses for
the angular distribution of the Ξ− from Ξ(1530)0 decay,
under the assumption that the Ξ(1530)0 mass region is
dominated by a single spin state. As in Ref. [4], it is
assumed that the spin of the charm baryon is 1/2. The
choice of spin quantization axis along the direction of
the Ξ(1530)0 in the charm baryon rest-frame (r.f.) has
the result that the Ξ(1530)0 inherits the spin projection
of the charm baryon, since any orbital angular momen-
tum in the charm baryon decay has no projection in
this direction. It follows that, regardless of the spin J
of the Ξ(1530)0, the density matrix which describes the
Ξ(1530)0 sample is diagonal, with non-zero values only
for the ±1/2 spin projection elements, i.e., the helicity
λi of the Ξ(1530)0 can take only the values ±1/2. Since
the ﬁnal state Ξ− and π+ have spin values 1/2 and 0,
respectively, the net ﬁnal state helicity λf also can take
only the values ±1/2. The helicity angle θΞ− is deﬁned
as the angle between the direction of the Ξ− in the r.f.
of the Ξ(1530)0 and the quantization axis. Following the
formalism of Ref. [4], the angular distribution of the Ξ−
6is then given by the total intensity,
I ∝
∑
λi,λf
ρi i
∣∣∣AJλfDJ ∗λiλf (φ, θΞ− , 0)
∣∣∣2 , (1)
where the ρi i (i = ±1/2) are the diagonal density ma-
trix elements inherited from the charm baryon, and the
sum is over all initial and ﬁnal helicity states. The tran-
sition matrix element AJλf represents the coupling of the
Ξ(1530)0 to the ﬁnal state, DJλiλf is an element of the
Wigner rotation matrix [10], and the ∗ denotes com-
plex conjugation. The resulting Ξ− angular distribu-
tion integrated over φ is obtained for spin hypotheses
(a)
(b)
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FIG. 3: The eﬃciency-corrected Λ+c -mass-sideband-
subtracted (a)
√
2P0(cos θΞ−), (b)
√
10P2(cos θΞ−) and
(c) 7/
√
2P4(cos θΞ−) moments of the Ξ
−π+ system invariant
mass distribution for the Λ+c signal region. In (a) the dashed
curve represents the estimated background contribution in
the Ξ(1530) region, obtained as described in the text.
JΞ(1530) = 1/2, 3/2, and 5/2, respectively, as follows:
dN/dcos θΞ−∝ 1 + β cos θΞ− (2)
dN/dcos θΞ−∝ 1 + 3 cos2θΞ− +
β cosθΞ−(5− 9 cos2θΞ−) (3)
dN/dcos θΞ−∝ 1− 2 cos2θΞ− + 5 cos4θΞ− +
β cos θΞ−(5− 26 cos2θΞ− + 25 cos4θΞ−).(4)
The coeﬃcient of the asymmetric term,
β =
[
ρ1/2 1/2 − ρ−1/2−1/2
ρ1/2 1/2 + ρ−1/2−1/2
]⎡⎢⎣
∣∣∣AJ1/2∣∣∣2 − ∣∣∣AJ−1/2∣∣∣2∣∣∣AJ1/2∣∣∣2 + ∣∣∣AJ−1/2∣∣∣2
⎤
⎥⎦ ,
is zero as a consequence of parity conservation in
the strong decay of Ξ(1530)0 to Ξ−π+, which implies∣∣∣AJ1/2∣∣∣ = ∣∣∣AJ−1/2∣∣∣. It should be noted that Eqs. 2-4 do
not depend on any assumption as to the parity of the
Ξ(1530).
The normalized angular distribution of the Ξ− ob-
tained from Eq. 1, and expressed explicitly in Eqs. 2-4
for J = 1/2, 3/2 and 5/2, respectively, can be written in
general as
dN
dcos θΞ−
= N
[
lmax∑
l=0
〈Pl 〉Pl (cos θΞ−)
]
, (5)
where lmax = 2J − 1, the value of each expansion coeﬃ-
cient 〈Pl 〉 depends on J , and, if l is odd, 〈Pl 〉 = 0. The
Legendre Polynomials satisfy∫ 1
−1
dcos θΞ−Pi (cos θΞ−)Pj (cos θΞ−) = δi j , (6)
(i.e., Pl (cos θ) =
√
2πY 0l (cos θ, φ) , where Y
0
l is a spher-
ical harmonic function), so that∫ 1
−1
dN
dcos θΞ−
Pl (cos θΞ−) dcos θΞ− = N〈Pl 〉. (7)
For a data distribution containing N events, the left-hand
side of Eq. 7 is approximately equal to
N∑
k=1
Pl
(
cos θkΞ−
)
,
since for large N , the sum over the observed events pro-
vides a good approximation to the integral; throughout
this paper, this summation is termed “the Pl(cos θΞ−)
moment” or simply ‘the Pl moment” of the data. Each
assumption for J deﬁnes lmax, so that 〈Pl 〉 = 0 for l >
lmax and the 〈Pl 〉 are calculable. For J = 1/2, 3/2, 5/2,
lmax = 0, 2, 4, with the corresponding 〈Plmax 〉 values
1/
√
2, 1/
√
10 and
√
2/7, respectively. The relation
N∑
k=1
Plmax
(
cos θkΞ−
)
〈Plmax 〉
≈ N (8)
7implies that the number of Ξ(1530)0 signal events in a
given mass interval is well-approximated if each event k
is given weight
wk =
Plmax
(
cos θkΞ−
)
〈Plmax 〉
, (9)
after eﬃciency correction [11] and background subtrac-
tion.
Since the angular distribution shown in Fig. 2(b) is
clearly not ﬂat, Ξ(1530) spin 1/2 is ruled out. In or-
der to test the J = 3/2 (5/2) hypothesis, each event is
given a weight wk =
√
10P2(cos θkΞ−) (
7√
2
P4(cos θkΞ−)).
Figure 3(a) shows the distribution of the
√
2P0(cos θΞ−)
moment which is just the eﬃciency-corrected distribu-
tion corresponding to Fig. 1(b) (the average eﬃciency
is ∼ 27%). The √10P2(cos θΞ−) and 7/
√
2P4(cos θΞ−)
moments are shown in Figs. 3(b) and 3(c), respectively.
Figure 3(b) indicates that spin 3/2 is strongly favored, as
essentially all of the Ξ(1530) signal is retained. In con-
trast, the 7/
√
2P4(cos θΞ−) moment shown in Fig. 3(c) is
consistent with zero in the Ξ(1530) signal region, so that
spin 5/2 is clearly ruled out. The results for lmax ≥ 6 (not
shown) are similar to those of Fig 3(c). In order to quan-
tify these results, the region 1.50 ≤ m(Ξ−π+) ≤ 1.65
GeV/c2 is deﬁned as the Ξ(1530) signal region. The
dashed curve of Fig. 3(a) corresponds to a ﬁt to the re-
gion m(Ξ−π+) ≤ 1.66 GeV/c2 with the signal region
excluded; the ﬁt function is a third order polynomial
multiplied by phase space. This yields an estimated sig-
nal of 19159 ± 581 events. For Figs. 3(b) and (c), the
moment sums for the signal region are 23355± 894 and
78 ± 1410, respectively. Clearly, J = 3/2 is the only
viable Ξ(1530) spin value. It follows that, based on the
results of Refs. [2, 3] (i.e., JP = 3/2+ or JP = 5/2−), the
present analysis, which shows that J = 3/2, also estab-
lishes positive parity, and that the Ξ−π+ system which
results from the decay is in a P -wave orbital angular mo-
mentum state. Here, and in Refs. [2, 3], it is assumed
that the Ξ− has positive parity [1].
IV. THE Ξ(1530) MASS REGION
Although Fig. 3 clearly establishes spin 3/2 for the
Ξ(1530), the analysis of the Ξ−π+ system described in
the remainder of this paper indicates that a detailed un-
derstanding of the data is much less straightforward than
Fig. 3 might indicate. If the momentum of the Ξ− in
the Ξ−π+ r.f. is denoted by q, a Breit-Wigner (BW)
amplitude corresponding to orbital angular momentum
L should be proportional to the centrifugal barrier fac-
tor qL [12]. The lineshape for a Ξ−π+ P -wave BW
should then be skewed toward high mass values. How-
ever, the distribution of Fig. 3(b), which should represent
the square of a P -wave amplitude, appears to be skewed
toward low mass values, in contradiction of this expec-
tation. Furthermore, if the distribution in Fig. 3(a) is
considered to represent a sum of squares of Ξ−π+ ampli-
tudes, for which that in Fig. 3(b) represents the J = 3/2
contribution, their diﬀerence would be expected to be-
have like the background distribution in Fig. 3(a) in the
Ξ(1530)0 region. However, the Ξ(1530) signal in Fig. 3(b)
contains ∼ 4000 events more than that in Fig. 3(a), as in-
dicated above, so that when the former is subtracted from
the latter, the residual distribution exhibits a strong dip
in the Ξ(1530) region, and even reaches negative values.
This behavior is clearly at odds with a simple interpre-
tation of these distributions.
Moreover, the cos θΞ− distribution in the Ξ(1530)0 sig-
nal region indicates that a description in terms of a sin-
gle Ξ−π+ amplitude corresponding to a resonant struc-
ture is an over-simpliﬁcation. The Λ+c mass-sideband-
subtracted cos θΞ− distribution for the Ξ(1530)0 signal
region (Fig. 4) exhibits a predominantly quadratic behav-
ior, which indicates clearly that the spin of the Ξ(1530)
is not 1/2. A function ∝ (1 + 3cos2θ) (solid curve of
Fig. 4(b), the parametrization of Eq. 3) which corre-
sponds to J = 3/2 for the Ξ(1530)0 ﬁts the data best, al-
though there are clear deviations from the curve, and the
ﬁt conﬁdence level (c.l.) is only 0.0003. The ﬁt with the
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FIG. 4: The cos θΞ− distribution for Λ
+
c → Ξ−π+K+ data in
the Ξ(1530)0 → Ξ−π+ signal region (a) before, and (b) after,
eﬃciency correction. The solid (dashed) curve corresponds to
the parametrization of the Ξ(1530) angular distribution for
the assumption of pure spin 3/2 (5/2).
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FIG. 5: The eﬃciency-corrected P1(cos θΞ−) moment of the
Ξ−π+ system invariant mass distribution corresponding to
the Λ+c signal region. The distributions for the sideband re-
gions are consistent with zero, and so are not subtracted.
parametrization which corresponds to J = 5/2 (dashed
curve, Eq. 4) is extremely poor, with c.l. 6 × 10−44, as
would be expected from the projection of Fig. 3(c). In
addition, the distribution of Fig. 4(b) exhibits signs of
forward-backward asymmetry.
The above symptoms indicate that a more complicated
description is required if a quantitative understanding of
the Ξ−π+ system is to be achieved.
Strong interactions in the Ξ−π+ system may give rise
to interference between the resonant P -wave Ξ(1530) am-
plitude and other Ξ−π+ amplitudes. Evidence for inter-
ference is seen in the behavior of the P1(cos θΞ−) moment
of the Ξ−π+ system as a function of invariant mass. The
distribution shown in Fig. 5 is consistent with the inter-
ference pattern resulting from the rapid oscillation due
to Ξ(1530) P -wave BW phase motion in the presence of
an amplitude with small slowly varying relative phase;
the projection would then approximate the real part of
the BW amplitude, as observed.
The oscillatory pattern seen in Fig. 5 is not observed
for the high and low Λ+c mass sideband regions, which
conﬁrms that the pattern is indeed due to Ξ(1530) phase-
motion in events produced from signal Λ+c candidates,
and is not simply an artifact of combinatorial back-
ground. As mentioned above, the P1(cos θΞ−) moment
for m(Ξ−π+) < 1.58 GeV/c2 behaves very much like
the real part of the Ξ(1530) BW amplitude, which sug-
gests that the phase of the amplitude yielding the inter-
ference eﬀect is close to zero. The proximity of Ξ−π+
threshold, and the fact that the interference is seen in
the P1(cos θΞ−) moment, suggest that the eﬀect is due
primarily to the presence of an S-wave Ξ−π+ amplitude.
If it is assumed that only total spin J=1/2 and 3/2
amplitudes contribute, and if the description is restricted
to S, P and D waves, the following angular distribution
for the Ξ− produced in Ξ−π+ decay is obtained:
dN
dcos θΞ−
=
[
1
2
|S1/2|2 + |P 3/2|2
(
1 + 3cos2θΞ−
4
)
+
√
2Re
(
S1/2P 3/2∗
)
cos θΞ−
]
+
[
1
2
|P 1/2|2 + |D3/2|2
(
1 + 3cos2θΞ−
4
)
+
√
2Re
(
P 1/2D3/2∗
)
cos θΞ−
]
(10)
where the amplitude notation is LJ .
The angular structure associated with the J = L+1/2
terms (Eq. 10, ﬁrst bracket) is identical to that associated
with the J = L−1/2 terms (Eq. 10, second bracket), i.e.,
there is a Minami ambiguity [13]. It follows that there
are more unknown quantities than measurables, so that a
complete set of amplitudes cannot be extracted from the
data. However, since the Ξ(1530) is a P 3/2 resonance, it
is reasonable to attribute the P1(cos θΞ−) moment behav-
ior of Fig. 5 to the S1/2-P 3/2 interference term of Eq. 10;
in addition, D-wave amplitudes would not be expected
to be signiﬁcant for Ξ−π+ mass values close to threshold,
so that a simple model which incorporates only S1/2 and
P 3/2 amplitudes might describe the data. This would
imply that the intensity distribution of Fig. 3(b) corre-
sponds to |P 3/2|2 only. However, as discussed above, the
diﬀerence in the distributions of Figs. 3(a) and (b) dips
strongly in the Ξ(1530) region, even reaching negative
values, and so cannot be described by |S1/2|2. This indi-
cates that the data in the Ξ(1530) mass region require a
more complicated explanation.
V. THE Ξ−π+ SYSTEM AT HIGHER MASS
The inclusion of a D3/2 contribution (Eq. 10) does not
solve the problem of the Ξ(1530) mass region described
at the end of Section IV, since Fig. 3(b) then corresponds
to |P 3/2|2 + |D3/2|2 and Fig. 3(a) to |S1/2|2 + |P 3/2|2 +
|D3/2|2. If the model is extended to include a D5/2 am-
plitude, the Legendre Polynomial moments, P0–P4, are
9expressed in terms of the amplitudes as follows:
P0 =
1√
2
[∣∣∣S1/2∣∣∣2 + ∣∣∣P 1/2∣∣∣2 + ∣∣∣P 3/2∣∣∣2
+
∣∣∣D3/2∣∣∣2 + ∣∣∣D5/2∣∣∣2] (11)
P1 =
2√
3
[
Re
(
S1/2P 3/2 ∗
)
+ Re
(
P 1/2D3/2 ∗
)]
+
6
5
Re
(
P 3/2D5/2 ∗
)
(12)
P2 =
1√
10
[∣∣∣P 3/2∣∣∣2 + ∣∣∣D3/2∣∣∣2 + 8
7
∣∣∣D5/2∣∣∣2
+
√
20Re
(
S1/2D5/2 ∗
)]
(13)
P3 =
4
5
√
3
7
Re
(
P 3/2D5/2 ∗
)
(14)
P4 =
√
2
7
∣∣∣D5/2∣∣∣2 (15)
These ﬁve equations involve nine unknown quantities
(ﬁve amplitude magnitudes and four relative phase an-
gles), and so cannot be solved. Additional input from
polarization moments is required. Such an analysis is
beyond the scope of the present paper. If we assume
that the P 1/2 and D3/2 amplitudes can be ignored, Eqs.
11-15 can be solved in principle. However, as is discussed
below, even such a simpliﬁed model encounters diﬃcul-
ties in the Ξ(1530) region.
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FIG. 6: The eﬃciency-corrected P3(cos θΞ−) moment of the
Ξ−π+ invariant mass distribution for the Λ+c signal region.
The distributions for the sideband regions are consistent with
zero, and so are not subtracted.
In the context of this model, the absence of any signif-
icant P4 moment in Fig. 3(c) indicates via Eq. 15 that
|D5/2| must be small. However, since P 3/2 is large,
P 3/2 − D5/2 interference might be seen in the mass-
dependence of the P3 moment (Eq. 14). This is shown in
Fig. 6, where small, but signiﬁcant, deviations from zero
are in fact observed. Since there is a P 3/2−D5/2 interfer-
ence contribution to Eq. 12, an improved measure of the
mass dependence of S1/2 − P 3/2 interference is obtained
by subtracting (
√
21/2)P3 from P1. The P1− (
√
21/2)P3
distribution is shown in Fig. 7, and the dip in the mass
region 1.63− 1.70 GeV/c2 of Fig. 5 has been removed by
this procedure. Before the Ξ(1530) region is examined in
more detail, the behavior of P1−(
√
21/2)P3 is considered
in the mass region above ∼ 1.6 GeV/c2.
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FIG. 7: The eﬃciency-corrected P1 − (
√
21/2)P3 moment of
the Ξ−π+ system invariant mass distribution, corresponding
to the Λ+c signal region. The dot-dashed line indicates the
Ξ(1690)0 mass value [1]. The distributions for the sideband
regions are consistent with zero, and so are not subtracted.
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FIG. 8: The eﬃciency-corrected Λ+c mass-sideband-
subtracted P0(cos θΞ−) moment of the Ξ
−π+ system invariant
mass distribution for the Λ+c signal region (the distribution of
Fig. 3(a) with the Ξ(1530) region suppressed). The vertical
dot-dashed line indicates the Ξ(1690)0 mass value [1].
It is interesting to consider this in comparison to the
distribution of Fig. 3(a) with the Ξ(1530) region sup-
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FIG. 9: A cartoon of an Argand diagram which illustrates a
possible cause for the dip in the Ξ−π+ invariant mass distri-
bution due to the presence of the Ξ(1690)0 → Ξ−π+.
pressed (Fig. 8), which shows a signiﬁcant decrease in
intensity at ∼ 1.7 GeV/c2. As mentioned previously,
the behavior of the P1 moment in the Ξ(1530) region
indicates a small S1/2 amplitude with phase ∼ 0 deg.
relative to the P 3/2 amplitude in order that P1 closely
resemble the real part of the Ξ(1530) BW amplitude. If
the S1/2 amplitude did not change signiﬁcantly at higher
mass values, the BW amplitude would cause P1 to ap-
proach zero from below with increasing mass. Instead,
P1 passes through zero at ∼ 1.6 GeV/c2 and remains
positive thereafter (Fig. 7). Since P1 represents the pro-
jection of the S1/2 amplitude onto the P 3/2 amplitude,
this means that the S1/2 phase is increasing signiﬁcantly,
is only 90 deg. behind the P 3/2 phase at ∼ 1.6 GeV/c2
where P1 is ∼ 0, and continues to increase at higher mass.
The dip in the mass distribution of Fig. 8 is in the vicinity
of the Ξ(1690), which is known to have a small coupling
to Ξ−π+ [14]. This dip could occur as the result of the
coherent addition of a small, resonant Ξ(1690) ampli-
tude to the slowly increasing S1/2 amplitude, as shown
schematically by the cartoon of Fig. 9. Here the large
circle represents a slowly-varying non-resonant S1/2 am-
plitude for which the phase reaches 90 deg. at mass ∼ 1.6
GeV/c2, relative to a P 3/2 amplitude; the latter should
be approximately aligned with the negative real axis at
this mass value. As the phase increases beyond 90 deg.,
the S1/2 projection on the P 3/2 amplitude [i.e., P1] will
increase as seen in Fig. 7. The small circle represents the
subsequent coherent addition of a small resonant Ξ(1690)
amplitude. The resultant amplitude will then yield a dip
in overall intensity in the Ξ(1690) region with very little
eﬀect on the phase, and hence on P1 (cf. Fig. 7). The
inference which can be drawn is that the Ξ(1690) de-
cays strongly to the Ξ−π+ system in an S-wave orbital
state, and hence that it has spin-parity 1/2−. As such,
this represents the ﬁrst experimental information on the
spin-parity of the Ξ(1690). Spin 1/2 is favored also by
an analysis of the Dalitz plot corresponding to the decay
process Λ+c → ΛK¯0K+ [15].
The behavior of the S1/2 amplitude described above
is remarkably similar to that obtained for the I = 1/2
S-wave K−π+ scattering amplitude in the LASS exper-
iment [16]. There the slow, monotonic increase in the
S-wave amplitude at low mass is described by an eﬀec-
tive range parametrization. The phase reaches ∼ 90 deg.
before the coherent addition of a resonant K∗0 (1430) con-
tribution takes eﬀect, and the resultant amplitude de-
creases quickly almost to zero. The main diﬀerence in
the K−π+ case is that the resultant amplitude remains
elastic (within error) up to Kη′ threshold, so that the
decrease in S-wave intensity is quite substantial. Since
the Ξ(1690) decays signiﬁcantly via modes other than
Ξ−π+, a similar mechanism would be expected to yield
less dramatic results, as is in fact observed in Fig. 8. This
similarity between Kπ and Ξπ scattering amplitudes may
be an example of the proposed eﬀective supersymmetry
between mesons and baryons involving the replacement
of a light anti-quark in the meson by a light diquark to
form the related baryon [17]. For I = 1/2, the amplitudes
describing K−π+ scattering are the same as for K+π−,
and similarly those describing Ξ−π+ scattering are pro-
portional to those for Ξ0π− scattering; K+π− scattering
is then converted to Ξ0π− scattering by replacing the s¯
quark in the K+ with an (ss) diquark to obtain the Ξ0.
In Ref. [17], the eﬀective symmetry is demonstrated by
relating various baryon-baryon and meson-meson mass
diﬀerences with impressive precision. It seems reasonable
to conjecture that this symmetry might also be manifest
in the dynamics of appropriately related meson-meson
and baryon-meson scattering processes.
VI. THE Ξ(1530)0 LINESHAPE
In the Ξ(1530) region, S1/2−D5/2 interference does in
fact contribute to the P2 moment distribution in Fig. 3(b)
(cf. Eq. 13), but not to the distribution in Fig. 3(a)
(cf. Eq. 11), so that the Ξ(1530) signal in Fig. 3(b) might
be larger than that in Fig. 3(a). In addition, this con-
tribution might distort the lineshape in Fig. 3(b), but
should not aﬀect that in Fig. 3(a), which is obtained by
integration over cos θΞ− . In order to test this conjecture,
ﬁts to the distributions in Figs. 3(a) and 3(b) are per-
formed in which the Ξ(1530) lineshape is described by
dN
dm
= C
(
p2L/DL(p,R)
) (
q2l/Dl(q,R)
)
(m20 −m2)2 + m20Γtot(m)2
p · q, (16)
where C is a constant, p is the momentum of the K+
in the Λ+c r.f., and q is the momentum of the Ξ− in the
Ξ−π+ r.f.; L is the orbital angular momentum in the
Λ+c decay (L = 1 is chosen), and l that in the Ξ(1530)
decay (for which l = 1); DL, Dl are Blatt-Weisskopf
barrier factors [12] with radius parameter R, and, for
example, D1(q,R) = 1 + (qR)2; R = 3 GeV−1 (∼ 0.6 f)
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is chosen [16]. The Ξ(1530) mass is m0, and Γtot(m) its
mass-dependent total width, which consists of the sum of
partial widths to Ξ0π0 and Ξ−π+. If the mass diﬀerences
between these modes are ignored, the mass-dependent
total width is then
Γtot(m) = Γ0
q
q0
m0
m
q2
D1(q,R)
D1(q0, R)
q20
, (17)
where Γ0 is the width of the Ξ(1530), and q0 = q(m0).
For the ﬁts to the data of Fig. 3(a), an incoherent back-
ground function of the form
b = (p · q)
3∑
i=0
cim
i (18)
is included also.
In each ﬁt, the ﬁt function is convolved with a mass
resolution function consisting of two Gaussian distribu-
tions with a common center and ﬁxed fractional contri-
butions, but with r.m.s. deviation values which depend
on Ξ−π+ invariant mass. For the resolution function,
the resulting half-width-at-half-maximum increases from
∼ 0.5 MeV/c2 just above threshold, to ∼ 1.5 MeV/c2 at
the Ξ(1530), reaching ∼ 2.5 MeV/c2 at ∼ 1.6 GeV/c2, so
that the resolution in the signal region is excellent. The
degradation of the mass resolution with increasing Ξ−π+
mass should, if anything, cause the observed Ξ(1530)0
lineshape to be slightly skewed toward high mass; it fol-
lows that this cannot be the source of the skewing of
the lineshapes of Figs. 3(a) and 3(b) toward low mass.
The convolution procedure takes quantitative account of
the resolution behavior, but, since the resolution is ex-
cellent, this has little impact on the description of the
data. The ﬁt results with Ξ(1530)0 mass and width
ﬁxed at their PDG values [1] are shown in Fig. 10. In
Figs. 10(a) and 10(c), the dots represent the data of
Figs. 3(a) and 3(b), respectively, while the histograms
represent the mass-resolution-smeared ﬁt functions inte-
grated over the corresponding mass intervals. The ﬁt
residuals (data − histogram) are shown in Figs. 10(b)
and 10(d), respectively. These show similar very large
systematic deviations from zero, and the ﬁts have cor-
respondingly poor c.l. values (6 × 10−16 and ∼ 0, re-
spectively). With the mass and width parameters free
in the ﬁts, the c.l. values are still poor, and the values
obtained diﬀer signiﬁcantly from the PDG values (e.g.,
m0 = 1534.4± 0.1 MeV/c2 and Γ0 = 13.2± 0.5 MeV for
Fig. 10(a)). If the Blatt-Weisskopf radius parameter is
allowed to be free, an acceptable ﬁt to the mass distri-
bution is not obtained (c.l. ∼ 10−3), the residuals still
show systematic deviations from zero, and the mass and
width values obtained still diﬀer signiﬁcantly from their
PDG values. Similarly, the ﬁt to the P2 moment mass
dependence with mass, width and radius parameters free
remains poor (c.l. ∼ 10−7); in addition, the radius pa-
rameter increases to ∼ 100 GeV−1 (which is equivalent
to the use of an S-wave Breit-Wigner) in an attempt to
reproduce the observed lack of skewing toward high mass
expected for a P -wave decay. Since the P -wave nature
of the decay has been establised, this is certainly an un-
acceptable result.
As a check of the signal parametrization of Eq. 16,
this function (with R = 3 GeV−1) has been used in ﬁts
to the published Ξ−π+ mass distributions from four of
the experiments [18–21] used to obtain the PDG mass
and width values [1]. These are Hydrogen Bubble Cham-
ber experiments, and each mass distribution is obtained
as the projection of the Dalitz plot for the reaction
K−p → Ξ−π+K0 (Ref. [19] uses some additional con-
tributions). The analysis samples are small (125, 350,
324, and 1313 events, respectively), and the details of
the ﬁt functions used in Refs. [18–21] are not made clear.
It is found that the non-resonant background contribu-
tions are well-described using only the (p · q) phase space
factor of Eq. 18, and Eq. 16, convolved with a Gaus-
sian of r.m.s. deviation speciﬁed for each experiment, is
used to represent the Ξ(1530) signal. Good c.l. values
are obtained, and the resulting weighted average mass
(1532.2 ± 0.2 MeV/c2) and width (9.9 ± 0.5 MeV) val-
ues agree well with those from the PDG [1]. This indi-
cates that the choice of signal and background functions
is not the reason for the poor-quality ﬁts to the data of
Fig. 10. Furthermore, since no signiﬁcant improvement
in ﬁt quality is observed in going from the P2 ﬁt to the
P0 ﬁt, it follows that the diﬃculty in ﬁtting the former
cannot be attributed to the presence of an S1/2 − D5/2
interference contribution, since this would not be present
for the latter.
This striking failure to describe the most obvious
feature of the Ξ−π+K+ Dalitz plot leads to the con-
clusion that a satisfactory description of the observed
(m(Ξ−π+), cos θΞ−) distribution cannot be obtained in
terms of amplitudes pertaining solely to the Ξ−π+ sys-
tem. The diﬃculties probably result from overlap and
interference eﬀects involving amplitudes associated with
the K+π+ and/or the Ξ−K+ systems (if the possibility
of direct three-body decay is ignored). The K+π+ sys-
tem has I = 3/2, and has been observed to have only
an S-wave amplitude, which varies slowly with mass in
the relevant region (≤ 1 GeV/c2). It seems unlikely that
such an amplitude could lead to signiﬁcant distortion of
the mass and cos θΞ− dependences of the Ξ−π+ system,
but the relevant quantitative analysis has not yet been
attempted. In contrast, the Ξ−K+ system could have
contributions from high-mass Λ or Σ0 resonant struc-
tures in the region of overlap with the Ξ(1530) (> 2
GeV/c2, cf. Fig. 2(a)). Very little is known about such
states or their couplings to Ξ−K+ [1], and there is no
clear evidence for their presence in the Dalitz plots of
Fig. 2. Indeed the only “evidence” for such contributions
is the failure of the description of the Ξ(1530) region
solely in terms of Ξ−π+ amplitudes in the present anal-
ysis. This seeming impasse might beneﬁt from analyses
of related Λ+c decay processes, such as Λ
+
c → (Λη)π+
or Λ+c → (Λπ0)π+, although these may suﬀer from their
own particular complications related to other quasi-two-
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body modes.
VII. CONCLUSION
In conclusion, the analysis of the Legendre Polynomial
moments of the Ξ−π+ system which result from data on
the decay Λ+c → Ξ−π+K+ has established quite clearly,
on the basis of Figs. 3 (b) and 3 (c), that the Ξ(1530)
hyperon resonance has spin 3/2. In conjunction with
previous analyses [2, 3], this also deﬁnitively establishes
positive parity, and hence that the Ξ(1530) is a P 3/2
resonance. However, comparison of the P2(cos θΞ−) mo-
ment to the Ξ−π+ mass distribution, and ﬁts to the an-
gular decay distribution in the Ξ(1530) region, indicate
that it is necessary to include other Ξ−π+ amplitudes
in order to obtain a complete description of the data.
In particular, the observation of a P1(cos θΞ−) moment
exhibiting oscillatory behavior in the Ξ(1530)0 region in-
dicates the need for an S1/2 amplitude, while providing
ﬁrst evidence for the expected rapid BW phase motion of
the P 3/2 Ξ(1530)0 amplitude. However, a simple model
incorporating only these amplitudes and a D5/2 ampli-
tude is ruled out because of the failure to describe the
Ξ(1530)0 lineshape. The presence of the S1/2 amplitude
at high mass, and the behavior of the mass distribu-
tion at ∼ 1.7 GeV/c2, suggest that a resonant Ξ(1690)0
amplitude may be adding coherently to this amplitude,
thus leading to the inference of spin-parity 1/2− for the
Ξ(1690). It appears that a quantitative description of
the Ξ(1530) lineshape, and indeed of the entire Dalitz
plot, must incorporate these features together with am-
plitude contributions associated with the K+π+ and/or
the Ξ−K+ systems. An analysis of this complexity will
be performed when the full BABAR data sample (inte-
grated luminosity approximately 500 fb−1) is available.
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FIG. 10: The eﬃciency-corrected Λ+c -mass-sideband-
subtracted (a)
√
2P0(cos θΞ−) and (c)
√
10P2(cos θΞ−) mo-
ment distributions for the Ξ−π+ system, for the Λ+c signal
region (solid dots). The ﬁts represented by the histograms
are described in the text. In (b) [(d)] the diﬀerence between
the data points and the histogram in (a) [(c)] is shown.
